Leaf rust, caused by Puccinia triticina Eriks., is one of the most widespread diseases of wheat and breeding for resistance is one of the most effective methods of control. Lr16 is a wheat leaf rust resistance gene (R-gene) that provides resistance at both the seedling and adult stages. Simple-sequence repeat (SSR) markers have been used to map Lr16 to the distal end of chromosome 2B. The objectives of this study were to use RNA sequencing (RNA-seq) and in silico subtraction to identify new R-gene analogs (RGAs) and use them as Lr16 markers. RNA was isolated from the susceptible wheat cultivar Thatcher (Tc) and the resistant Tc isolines TcLr10, TcLr16, TcLr21, and sequenced using Illumina technology. Using in silico subtraction, sequences from the resistant Tc isolines were aligned to a Tc reference expressed sequence tag (EST) set. Sequences not aligning to the Tc reference were assembled into contigs and analyzed using BLASTx to determine putative gene functions. Primer pairs were designed for 181 RGA sequences, of which, 137 amplified in at least one of the parents. A mapping population was developed with 165 F 2 lines from a cross between the rust-susceptible cultivar Chinese Spring (CS) and TcLr16. Two RGA markers XTaLr16_RGA266585 and XTaLr16_RGA22128 were identified that mapped proximally 1.2 and 23.8 cM from Lr16, respectively. Three SSR markers Xwmc764, Xwmc661, and Xbarc35 mapped between these two RGA markers at distances of 5.0, 10.9, and 16.1 cM from Lr16, respectively. In silico subtraction is an effective technique for isolating RGAs linked to R-genes of interest.
proven to be one of the most effective methods of control for leaf rust in wheat (Kolmer and Oelke, 2006; Gururani et al., 2012) . Molecular markers linked to R-genes aid in the process of marker-assisted selection (MAS) and gene pyramiding, which allow for more effective resistance and decreases R-gene breakdown (Dholakia et al., 2013) .
Lr16 is a wheat leaf rust R-gene that provides partial resistance at the seedling and adult stages (McCartney et al., 2005) . Leaf rust symptoms in wheat lines containing the gene Lr16 have small uredinia surrounded by a necrotic ring (Bolton et al., 2008) . Five wheat cultivars, Warden, Exchange, Selkirk, Etoile de Choisy, and Columbus, are believed to be original sources of Lr16 (Anderson, 1961; Bartoš et al., 1969; Samborski and Dyck, 1982; McIntosh et al., 1995) . Lr16 is notable among the Lr R-genes in that as cultivars containing Lr16 become less prevalent in the field, the frequency of virulence to Lr16 also tends to decrease, suggesting a fitness penalty in the pathogen for overcoming resistance. This makes Lr16 a good candidate for gene recycling in breeding programs (Marshall, 1992) . Lr16 has also been shown to interact with the adult-plant R-genes Lr13 and Lr34 to provide higher levels of resistance (Kolmer, 1992; German and Kolmer, 1992) . Lr16 has not been cloned, but it has been mapped to the distal end of chromosome 2BS (McCartney et al., 2005; Somers et al., 2004) .
Many disease R-genes have been cloned and have been classified based on conserved motifs. The most common and studied class contains a nucleotide-binding site (NBS) and leucine-rich repeat (LRR) domain (Ellis and Jones, 2003) . Oligonucleotide primers designed for these conserved motifs have been used to isolate and map new RGAs in various species, including maize (Zea mays L.) and wheat Maleki et al., 2003) . Conserved motif primers specific for the tobacco (Nicotiana tabacum L.) N and Arabidopsis thaliana (L.) RPS2 R-genes led to the discovery of an amplicon directly linked to the potato nematode resistance locus, Gro1, and the Phytopthora infestans resistance locus, R7 (Leister et al., 1996) . Dodds et al. (2001) further confirmed the utility of this approach by isolating an RGA clone coegregating with the N locus of flax (Linum usitatissimum L.). Spielmeyer et al. (1998) used NBS-LRR RGAs as probes to map and identify RGA loci in wheat. The wheat Cre3 locus for cereal cyst nematode resistance (Lagudah et al., 1997) was used by Seah et al. (1998) to clone and map a family of RGAs in wheat and barley (Hordeum vulgare L.). Exploiting these conserved sequences can also lead to the discovery of new R-genes. Pid3, a rice blast (Magnaporthe oryzae) R-gene, was identified using molecular markers designed for NBS-LRR pseudogene family members of rice (Oryza sativa L.; Shuang et al., 2009) .
New technologies like RNA-seq are allowing for even more in-depth analysis of genomes. RNA sequencing can be used for organisms with a reference genome and allows analysis of splice sites and isoforms of both known and novel genes (Haas and Zody, 2010) . For organisms like wheat without a fully annotated reference genome, RNA-seq allows analysis of the transcriptome. Genes that are expressed at low levels, such as R-genes, can be sequenced through the use of RNA-seq (Grabherr et al., 2011) . Next-generation sequencing technologies such as Illumina, Roche 454 (454 Life Sciences), or ABI SOLiD (Life Technologies) are traditionally used for sequencing of complementary DNA (cDNA) fragments (Marguerat and Bähler, 2010) and provide an unprecedented insight into the transcriptomes of all organisms.
The objective of this research was to test a new concept for deriving RGA markers linked to R-genes or gene families of a locus. Column-based subtraction methods have been used in the past to enrich cDNA libraries for RNA species that are specific for a treatment or discriminating sequences from an infecting organism (Venkatappa et al., 2003) . We asked whether RNA from a sample could be sequenced to a deep enough coverage and, in conjunction with in silico subtraction, to identify RGAs associated with Lr16. RNA was isolated from seedlings of Tc and the isoline TcLr16 and used to generate cDNA. Using in silico subtraction, sequence from TcLr16 was aligned to Tc. Nonaligning sequence was assembled and analyzed using BLASTx to identify putative gene functions. Primers were designed to target RGA sequences not found in Tc. Two new RGA markers were found to map near Lr16 and known SSR markers.
Materials and Methods

Plant Material and Growth Conditions
A cross was made between two spring wheat lines, CS and the Tc isoline containing Lr16 (RL6005). Individual F 2 seeds were germinated in 3.8-cm cone-tainers filled with Metro-Mix 360 (Sun-Gro Horticulture) and later transferred to 3.78-L pots filled with Metro-Mix 360 at a density of two plants per pot. Plants were kept in a greenhouse with supplemental high-pressure sodium lighting set for 16-h days and 8-h nights. Daytime temperatures were set at 20C, and nighttime temperatures were 18C. Plants were grown until maturity, bagged for self-pollination, and F 3 seed harvested.
Plant Inoculation and Screening
Sixteen seeds from each F 2:3 family were planted in 8.9-cm pots containing Metro-Mix 360 and inoculated with P. triticina Race 1, BBBD (avirulent to Lr1, Lr2a, Lr2c, Lr3c, Lr9, Lr16, Lr24, Lr26, Lr3ka, Lr11, Lr17, Lr30, LrB, Lr10, and Lr18 and virulent to Lr14a; Long and Kolmer, 1989) at the seedling 2-to 3-leaf stage. Twenty-five milligrams of urediniospores were suspended in Soltrol 170 (Phillips Petroleum) and applied with an atomizer at 1.38  10 5 Pa (20 psi). The plants were left overnight in a dew chamber at 18C with 100% relative humidity and then moved back into the greenhouse. Infection types were evaluated at 10 to 14 d after inoculation and scored as resistant, heterozygous, or susceptible (Fig. 1) . Chisquare analysis was used to evaluate the inheritance of the leaf rust R-gene, Lr16.
DNA Isolation
Three leaf tips, 3.8-cm long, from newly emerged leaves were collected for DNA isolation from individual F 2 seedlings and placed in collection plates consisting of 96 1.1 mL collection tubes (USA Scientific) with a 3.97-mm, 200-grade steel bead (Abbott Ball Co.). Samples were quick frozen in liquid N 2 and stored at −80C until lyophilization and extraction. Tissue samples were lyophilized in a lyophilizer (Labconco) for 2 to 3 d at −50°C and 5 Pa (0.050 mBar). The lyophilized samples were ground using a Retsch MM 400 (Retsch) and DNA was isolated using BioSprint 96 DNA plant kit following a modified version of the manufacturer's instructions (Qiagen). Tissue collection racks were placed in the tissue lyser and homogenized at 29 Hz for 1 min. After ensuring all collection microtubes were adequately ground, samples were homogenized for one additional minute at 29 Hz. In step 12, after 300 L of Buffer RLT (Qiagen) was pipetted into each collection microtube, sealed, and mildly shaken back and forth, the racks were centrifuged at 5600 g for 10 min at 21C in a Hermle Labnet Z323K universal centrifuge (Labnet International) instead of 6000 g for 5 min. Two hundred microliters of supernatant was transferred into an S-Block (Qiagen) followed by 200 L of 100% isopropanol. MagAttract Suspension G (Qiagen) was vortexed for 3 min before adding 20 L to each well of the S-Block. The remainder of the extraction was performed via the BS96 DNA Plant protocol on the BioSprint 96 workstation. Slots 1 through 5 and slot 7 were all loaded as noted in the protocol, and 100% ethanol was used in slots 3 and 4. The volume of elution buffer loaded in the microplate in slot 6 was modified to have 100 L of EB buffer instead of 200 L to increase the DNA concentration. Upon program completion, the elution microplate was sealed and stored in the −20C freezer until needed.
RNA Isolation
Seeds for Tc, TcLr10 (RL6004), TcLr21 (RL6043), and TcLr16 were germinated in 8.9-cm pots filled with MetroMix 360 (Sun-Gro Horticulture). Four pots were planted for each line, and four seeds were planted in each pot. Plants were grown in a Percival E30B (Percival Scientific) growth chamber maintained at 18C with 16 h days. Seven to 10 cm of leaf tissue were collected at the twoleaf stage from all four lines for RNA isolation. The tissue was immediately frozen in liquid N 2 and stored at −80C until use. RNA isolations were performed using mirVana miRNA Isolation Kit (Ambion) following the procedures for organic extraction and final RNA isolation. RNA was isolated from three replicates of each of the four lines. Three leaf tips, 3.8-cm long, were taken from the previously collected leaf tissue for RNA isolation. RNA presence was checked on a 2% agarose gel and concentrations were determined by a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific). The RNA samples were sent to Cofactor Genomics (St. Louis, MO) for sequencing.
RNA Sequencing and In Silico Subtraction
Cofactor Genomics (St. Louis, MO) used the total RNA for sequencing as previously summarized by Bruce et al. (2014) . In brief, the cDNA was sequenced using Illumina 60-bp paired-end reads (Cofactor). The cDNA was fragmented in vitro, sequenced, and then reassembled in silico. A reference EST set was de novo assembled for Tc using Inchworm (Broad Institute). TcLr10, TcLr21, and TcLr16 sequences were aligned back to Tc using Novocraft novoalign v2.07.10 (Novocraft), and fragments that did not align were assembled into contigs using Inchworm. BLASTn and BLASTx algorithms were used to determine putative gene functions of the contigs. An E-value of 1.0  10 −5 was used as a cutoff. Contigs with alignments to NBS-LRR, NB-ARC, LRR, receptor kinase, and R-gene domains were identified. The complete conserved domains for Lr10 (accession AY270157) and Lr21 (accession FJ876280) from the NCBI nucleotide database were used for BLAST analysis against the contigs from the Tc isolines. Primers were designed (Supplemental Table  S1 ) using MacVector V12.0 (MacVector) from the contigs with sequence similarities to R-genes to target RGA sequences not found in Tc. The parameters for the primer characteristics were a length of 18 to 25 bases, between 45 and 55% G+C, and a melting temperature of 50 to 65C using the polymerase chain reaction (PCR) Primer Pairs command. Primer names correlate with the number of the contig from which the primer was designed.
Primers were also designed using expression data analyzed in Cofactor's ActiveSite Viewer V1.0 (Cofactor). Sequences with a better possibility of containing Lr16 could be sorted out by changing the number of total normalized counts for TcLr16 sequences vs. Tc, TcLr10, and TcLr21. BLASTn and BLASTx algorithms were used to determine putative gene functions of the samples with higher than 40 counts in the TcLr16 expression data. Sequences that aligned to conserved domains of R-genes, such as NBS-LRRs, and to known RGAs and R-genes were used to design primers.
Simple-Sequence Repeat Analysis
Primers were made for SSR markers known to map near the distal end of chromosome 2BS (Röder et al., 1998; Somers et al., 2004; Song et al., 2002 Song et al., , 2005 . The USDA-ARS GrainGenes website (http://wheat.pw.usda. gov/GG3/) was used to identify loci nearby Lr16 and to obtain the correlated SSR primer sequences. Data for mapping was collected using PCR, M13 tailing, and fluorescent capillary electrophoresis. Each 25-L PCR consisted of the following: 200 ng genomic DNA, 5.0 pmol reverse primer, 1.0 pmol of M13-tailed forward primer (Schuelke, 2000) , 5.0 pmol of M13 primers labeled with 6-FAM or VIC (Applied Biosystems), 1 PCR Buffer (Sigma), 2.5 mM MgCl 2 , 2.5 mM dNTPs, 1.25 U Taq DNA polymerase (Sigma). MJ Research PTC-225 and PTC-100 thermal cyclers were used for the selective amplification reactions of the markers Xwmc661 and Xwmc764 and programmed with the following conditions: 92C for 3 min; 35 cycles of 92C for 1 min, 60C for 1.5 min, and 72C for 2 min; and finally 72C for 10 min (Bremenkamp-Barrett et al., 2008) . For the Xbarc35 marker, selective amplification was performed on an MJ Research PTC-225 with the following conditions: 95C for 3 min; 36 cycles of 94C for 40 sec, 55C for 40 sec, and 72C for 1 min; and 72C for 10 min (Song et al., 2005 ). An Applied Biosystems 3730 DNA analyzer was used for capillary analysis of PCR fragments. Samples were prepared for genotyping by pooling 2 L of two different PCR reactions, each with either 6-FAM or VIC fluorescent tags, and 2 L of ddH 2 O. One microliter of the pooled PCR was added to 6 L of formamide (Applied Biosystems), 3 L of ddH 2 O, and 0.1 L GeneScan 500-LIZ size standard (Applied Biosystems) in a 96-well semiskirted plate. Plates were then incubated in an MJ Research PTC-200 at 95C for 5 min followed by 10C for 5 min to denature the DNA. Raw data files from the ABI 3730 were imported into GeneMarker V1.85 (SoftGenetics, 2009 ) and analyzed for polymorphisms.
Resistance Gene Analog Analysis
All RGA primer pairs were initially tested on CS and TcLr16 DNA to identify polymorphisms (Supplemental Table S1 ). Each 25-L reaction consisted of the following reagents: 200 ng genomic DNA, 5 pmol reverse primer, 5 pmol of forward primer, 1 PCR Buffer (Sigma), 2.5 mM MgCl 2 , 2.5 mM dNTPs, 1.25 U Taq DNA polymerase (Sigma), and 14.3 L ddH 2 O. MJ Research (Watertown, MA) PTC-225 and PTC-200 thermal cyclers were used for the amplification reactions with the following conditions: 92°C for 3 min; 35 cycles of 94°C for 40 s, 60°C for 40 s, and 72°C for 1 min; 72°C for 10 min. Primers that did not amplify were redesigned. If polymorphisms were detected between the CS and TcLr16 amplified fragments, the PCR was expanded to include 8 susceptible plants and 8 resistant plants. If polymorphisms were consistent among the resistant and susceptible lines, the PCR was further expanded to include the entire population.
Resistance Gene Analog Cloning
Resistance gene analog markers that were run on the entire population were cloned and sequenced to verify amplification products. The polymorphic band was excised from a 2% HiRes agarose gel using the QIAquick gel extraction kit (Qiagen) following a modified version of the microcentrifuge protocol in the QIAquick Spin Handbook (Qiagen, 2012). The sample was incubated for 10 min at 40C and mixed every 2 to 3 min. Isopropanol (150 L) was added to the sample and mixed. The sample was pipetted into the QIAquick spin column and centrifuged at 17,000 g for 1 min. After the flowthrough was discarded, 750 L of Buffer PE (Qiagen) was added, and the sample was centrifuged for 1 min at 17,000 g. The flowthrough was discarded and the samples were centrifuged again for 1 min at 15,800 g. Buffer EB (10mM Tris-Cl, pH 8.5, 30 L) was added to the spin column in a clean 1.5-mL microcentrifuge tube. The column sat for 4 min before centrifuging for 1 min at 17,000 g.
Polymerase chain reaction fragments were ligated into the pCR2.1 TA cloning vector (Invitrogen) and transformed into OneShot INVF chemically competent Escherichia coli cells following the protocol provided with the kit. Eight colonies from each ligation were PCR amplified to check for an insert. Four clones with the gene of interest from each ligation were used for sequencing. Plasmid DNA was extracted from the bacteria using the QIAprep Spin Miniprep Kit (Qiagen) following the manufacturer protocol. Samples were sequenced at the Kansas State University sequencing facility.
Linkage Analysis
Marker data from the RGAs were combined with the SSR data and mapped using MapMaker V3.0 (Lander et al., 1987) and MapDisto V1.8 (Lorieux, 2012) . The RAW file was created as an F 2 intercross with 165 progeny, six genetic loci, and zero quantitative traits. The cent func k command was used to change the mapping function from Haldane to Kosambi (1944) mapping units. Linkage groups were formed with a logarithm of the odds threshold of 3.00. The compare, sequence, and map functions were used to determine the best order of the loci, and the ripple command was used to verify the order.
Results
Lr16 Segregation
Race 1, BBBD is the most avirulent P. triticina race available and provides a clear reaction on resistant plants. The presence of Lr16 is indicated by a distinct phenotype consisting 1-2C infection type (McIntosh et al., 1995; Fig. 1A) . Susceptible plants without Lr16 do not have this halo and will have larger pustules and an infection type of 3-3+ (Fig. 1B) . For Chi-square analysis, F 2:3 families were used and tested for a 1:2:1 ratio of segregating family phenotypes. A total of 165 lines were scored: 38 families were resistant, 85 were segregating, and 42 were homozygous susceptible. The Chi-square value was 0.345 and with two degrees of freedom, the population fit a 1:2:1 ratio for a single gene.
RNA Sequencing and Resistance Gene Analog Analysis
Total RNA was sent to Cofactor Genomics and over 35 million paired-end reads consisting of over 5.5 Gb were sequenced from each sample (Table 1) . Inchworm was used to assemble the Tc sequence into 29,230 nonredundant contigs of 200 bases or larger. Contigs listed in Table 1 for isolines TcLr10, TcLr21, and TcLr16 were reassembled from RNA sequences that did not align to the Tc reference. The isoline contigs were then aligned to the nr NCBI database using BLASTx. Alignment terms were filtered for terms of disease resistance, NBS-LRR, NB-ARC, RGA, and LRR receptor kinases. The alignments to kinases include alignments for the barley stem rust R-gene Rpg1, the tomato (Solanum lycopersicum L.) R-gene Pti, wheat Tsn1 for tan spot resistance, Lr10K associated with leaf rust resistance, and the rice bacterial blight R-gene Xa21. The Tc reference contained 297 NBS and 214 LRR kinase contigs. Each of the isolines contained fewer RGA-classed genes when compared to the Tc reference (Table 1) . Each of the contig libraries was also searched for sequence similar to cloned rust R-genes. Eleven, seven, six, and six contigs were found in Tc, TcLr10, TcLr21, and TcLr16, respectively (Table 1) . Contigs were submitted to NCBI and bioproject numbers are Tc (SUB792287), TcLr10 (SUB792281), TcLr16 (SUB792284), TcLr21 (SUB792278).
The isolines TcLr10 and TcLr21 were chosen to test the effectiveness of the in silico subtraction. The genes Lr10 and Lr21 have both been cloned and their complete sequences are available (Feuillet et al., 2003; Huang et al., 2003) . During the in silico subtraction, expressed R-genes should have been assembled into contigs and not aligned to the Tc reference. BLASTx analysis of the assembled contigs should have identified matches for Lr10 and Lr21. Three homologs to Lr21 and two Lr10K homologs were found in Tc. In TcLr16, 85% of 207 bases aligned to the TcLr21 complete coding sequence. However, no alignments to Lr10 were identified in the assembled contigs. There were no alignments to Lr21 contigs from TcLr21, showing the effectiveness of the subtraction. BLAST results of the contigs assembled from TcLr16 identified 181 RGA contigs, from which 134 could be amplified from genomic DNA. The contigs had similarities to known R-genes, other RGAs, NBS-LRR proteins, kinases, LRRs, and NB-ARC domains (Supplemental Table S2 ).
Cofactor genomics provided an expression analysis program, ActiveSite, as part of their service. Expression analysis revealed seven more contigs that appeared to Table 1 . Results of RNA sequencing, assembly, and alignments. RNA was sequenced with 60 bp paired-end runs. 'Thatcher' reference contigs were de novo assembled using Inchworm and used as a reference. RNA sequences from the other isolines were aligned to Thatcher and any sequences that did not align were reassembled and aligned to the nr NCBI protein database using BLASTx. # Contig alignments to Lr10 kinase. † † Contigs from TcLr10, TcLr21, and TcLr16 were assembled after in silico subtraction.
be more highly expressed Tc Lr16 plants. Three contigs, 205149, 211607, and 213409 had 13-fold, nine-fold, and six-fold higher expression levels in TcLr16 compared to Tc, respectively. BLASTx analysis revealed alignments to NBS-LRRs for 205149 and 213409, RGA4-like proteins for 211607, and a conserved NB-ARC domain for the 213409 sequence. The other four contigs did not align to any RGAs. Only 134 primer pairs for RGAs from the in silico subtraction and the three RGAs from the expression analysis for a total of 137 primer pairs would amplify in the genomic DNA (Supplemental Table 2 .2). Of the 137 RGA primer pairs, 34 were polymorphic between CS and TcLr16. Of the 34, two were consistently polymorphic in the prescreen of eight resistant and eight susceptible lines. The markers XTaLr16_RGA22128 and XTaLr16_ RGA266585 were each polymorphic for all but one of the resistant and susceptible samples (Fig. 2) . The primers for marker XTaLr16_RGA22128 amplified 375-bp band for both CS and TcLr16. A second band of 275 bp was amplified in CS but not TcLr16 (Fig. 2) and was used for scoring and mapping purposes. After cloning and sequencing, the NCBI BLASTx results included two RGAs for cysteinerich receptor-like protein kinases. The primers for marker XTaLr16_RGA266585 amplified a band that was 55 bp in TcLr16 and no band in CS (Fig. 2) . The marker was provided to the USDA Central Small Grain Genotyping Lab, Manhattan, KS, (http://hwwgenotyping.ksu.edu) for evaluation. The facility was able to repeat the results from Tc Lr16 (St. Amand, unpublished data, 2015) . The facility also tested on lines from the regional performance nurseries from 2011 through 2014. Of the lines postulated to contain Lr16, only NE10478 contained the marker. BLASTx analysis for the cloned fragment for XTaLr16_RGA266585 did not return any significant results.
Simple-Sequence Repeat Marker Analysis
A total of eight SSR markers were also tested to give a framework for linkage analysis. These markers were Xwmc661, Xwmc764, Xbarc35, Xbarc124, Xgwm210, Xwmc489, Xwmc382, and Xgwm614. Analysis of these SSR markers indicated parental polymorphisms with the three markers Xwmc661, Xwmc764, and Xbarc35. Capillary analysis indicated CS had a peak at 284 bp and the TcLr16 samples had a peak at 276 bp with the Xbarc35 marker. With Xwmc661, CS had a peak at 203 bp, and TcLr16 had a peak at 240 bp. When the Xwmc764 marker was analyzed, four peaks were identified between CS and TcLr16. The CS samples had peaks at 159 and 197 bp, and TcLr16 had peaks at 150 and 189 bp.
Linkage Analysis
All five markers mapped proximal to Lr16 (Fig. 3) . XTaLr16_RGA266585 mapped nearest to Lr16 of all the RGA and SSR markers at a distance of 1.2 cM. XTaLr16_ RGA22128 was the furthest marker from Lr16 mapping 25.6 cM away. Using SSR marker data, Xwmc764, Xwmc661, and Xbarc35 mapped between the two RGA markers at distances from Lr16 of 5.0, 10.9, and 16.1 cM, respectively.
Discussion
Resistance gene analogs have been used in many species and in several instances have been identified to be a fragment of the actual gene of interest (Huang et al., 2003) . Lr16, Lr10, and Lr21 are all seedling R-genes. The tissue for RNA isolation was collected at the two-leaf stage; therefore, the R-genes should be expressed at that stage. The plants were also grown in highly controlled environments, and tissue was only collected if all plants were at the same growth stage to reduce environmental and biological factors that would increase variability in gene expression. The use of Tc isolines also provides a more uniform background for evaluation of resistance in lines containing the gene of interest.
Lr10 and Lr21 are two wheat leaf rust R-genes that have previously been cloned (Feuillet et al., 2003; Huang et al., 2003) . Because Lr10 and Lr21 had been cloned, TcLr10 and TcLr21 were used as a proof-of-concept in the RNA-seq analysis. BLAST analysis of the complete Lr10 and Lr21 nucleotide sequence against the custom local BLAST database should have found matches to the RNA contigs from the Tc isolines. One hit for Lr21 was a 100% match to 71 bases from a 270 bp fragment in TcLr21 indicating that at least part of the Lr21 gene was isolated and sequenced using RNA-seq. BLAST analysis for Lr10 did not return any matches. An Lr10 homolog may have been filtered out in the initial RNA-seq analysis. Multiple alignments to NBS-LRRs were identified in the Tc reference making this a possibility. In this case, the R-gene sequences from the TcLr10 and TcLr21 isolines would align back to Tc and would not be in the assembled contigs. Contigs >200 bp were filtered and thus, Lr10 and Lr21 homologs could be present in the smaller contigs. However, it appears that the subtraction was very effective as no Lr10 and Lr21 contigs were found in the respective isolines.
Ideally, one of the assembled contigs would have been the Lr16 gene. The recent cloning of Sr33 for wheat stem rust resistance from an Aegilops tauschii RGA proves this possibility (Periyannan et al., 2013) . However, a marker perfectly correlated with Lr16 was not identified. The R-gene class to which Lr16 belongs is unknown. The domains that make up the Lr16 R-gene may differ from the kinase, NBS-LRR, or LRR domains used for the BLAST analysis. Thatcher may also contain a nonfunctional Lr16 homolog and the cDNA fragments from TcLr16 would have aligned to the Tc reference. A final possibility remains that no polymorphism could be found for Lr16 using the PCR approach. It may be necessary to look for single nucleotide polymorphisms between the two parents within the RGA contigs.
Two markers linked to Lr16 were identified, however. In this population, XTaLr16_RGA266585 was more tightly linked to Lr16 than any of the SSR markers tested. XTaLr16_RGA266585 was also polymorphic between Tc and TcLr16, making this marker a good candidate for further evaluation on other populations and potentially for MAS. The use of XTaLr16_RGA266585 does have some disadvantages. The marker is not codominant, so heterozygous and homozygous resistant individuals cannot be distinguished from each other. Also, because the progeny were scored on either the presence or absence of the band, false negatives due to a failed reaction could easily be scored as susceptible progeny instead of resistant or heterozygous. The marker is repeatable; however, it only detected Lr16 in one line. It is likely that lines in the regional performance nurseries have a different source of Lr16 as Exchange (Dyck and Samborski, 1968) is not listed as a source of Lr16 in North American lines (McIntosh et al., 1995) .
The marker for XTaLr16_RGA22128 is not as useful, as it mapped the furthest from Lr16 of the five loci evaluated. The advantage of the XTaLr16_RGA22128 marker was that a band was always amplified in CS and TcLr16, so the possibility of false negatives due to failed reactions was greatly reduced. The BLASTx results from the cloned XTaLr16_ RGA22128 fragment sequence indicates that the fragment is from a cysteine-rich, receptor-like protein kinase. Multiple R-genes have been identified as receptor-like kinases including the rice gene Xa21 for bacterial blight resistance and the barley R-gene Rpg1 for stem rust resistance (Song et al., 1995; Brueggeman et al., 2002) . Rpg1 also has NBS and LRR domains (Brueggeman et al., 2002) .
Simple-sequence repeats have been widely used for MAS due to their abundance, codominance, high rate of polymorphism, and ease of use due to PCR (Kuleung et al., 2004) . The SSRs Xwmc661, Xwmc764, Xbarc35, Xbarc124, Xgwm210, Xwmc489, Xwmc382 , and Xgwm614 had previously been found to be closely linked to Lr16 in multiple recombinant inbred and doubled haploid populations (McCartney et al., 2005 , Somers et al., 2004 . Markers for the three loci used in this experiment, Xwmc661, Xwmc764, Xbarc35, were used to confirm the usefulness of the CSxTcLr16 F 2 population for mapping new RGA markers. The three SSRs mapped similarly to the order expected based on the previous mapping studies (Somers et al., 2004; McCartney et al., 2005) . In this population, Xwmc764 mapped well within the expected range of 1 to 9 cM found in the three populations mapped by McCartney et al. (2005) at 4.1 cM. Xwmc764 also mapped closest to Lr16 in the population used in this study, in two out of three populations mapped by McCartney et al. (2005) , and in the microsatellite consensus map by Somers et al. (2004) . The order of Xbarc35 and Xwmc661 varied depending on the population. The wheat microsatellite consensus map places Xbarc35 between Xwmc764 and Xwmc661 (Somers et al., 2004) . McCartney et al. (2005) only mapped Xbarc35 on one population, and it was mapped proximal to Xwmc764 and Xwmc661, which agrees with our mapping order. Xwmc661 and Xbarc35 were both outside of the expected 10-cM range, but this may have been due to less homogeneity in the F 3 intercross population vs. a recombinantinbred or doubled-haploid population.
In conclusion, RNA-seq can be useful to develop new molecular markers that will map to a desired region. Two new molecular markers were developed for mapping Lr16 through the use of RNA-seq and RGAs. Flanking markers are needed to most confidently ensure the incorporation of Lr16 into breeding programs using MAS. We had hoped to identify flanking markers using the RNA-seq data, but both markers mapped proximal to Lr16. The use of SSRs closely linked to Lr16 confirmed the utility of our mapping population and the new markers. The XTaLr16_RGA266585 marker will be useful based on its close linkage to Lr16 and it is a PCR marker that can be scored on a gel.
